Rickettsia are unique in inserting in-frame a number of palindromic sequences within protein coding regions. In this study, we extensively analyzed repeated sequences in the genome of Rickettsia conorii and examined their locations in regard to coding versus noncoding regions. We identified 656 interspersed repeated sequences classified into 10 distinct families. Of the 10 families, three palindromic sequence families showed clear cases of insertions into open reading frames (ORFs). The location of those in-frame insertions appears to be always compatible with the encoded protein three-dimensional (3-D) fold and function. We provide evidence for a progressive loss of the palindromic property over time after the insertions. This comprehensive study of Rickettsia repeats confirms and extends our previous observations and further indicates a significant role of selfish DNAs in the creation and modification of proteins.
Interspersed repeated DNA sequences are usually confined in the intergenic regions of bacterial genomes. However, Rickettsia appears to be a unique exception in this respect. In our previous work, we identified evolutionarily related sequences of 50 amino acid residues dispersed in protein-coding regions of Rickettsia conorii and other Rickettsia (Ogata et al. 2000) . The peptide segments showed no sequence similarity to known protein domains. On the other hand, the corresponding nucleotide sequences (∼150 bases) showed imperfect palindromic (self-complementary) properties that resemble other bacterial intergenic repeats like IRU (Sharples and Lloyd 1990) and RSA (Bachellier et al. 1996) . The repeats were designated as Rickettsia palindromic elements (RPEs). On the basis of the predicted locations of the inserts in the three-dimensional (3-D) folds of proteins, and on the observed transcript sizes, it is most likely that the repeat-derived peptide is expressed as part of the proteins encoded by those open reading frames (ORFs) (Ogata et al. 2000) . Thus the RPE appears to have a unique capability to spread over the coding, as well as the noncoding, regions of the bacterial genome.
The completion of the genome sequence of R. conorii revealed a high density of repeated sequences in the genome (Ogata et al. 2001b) . In this study, we systematically analyzed the repeat locations in regard to coding versus noncoding regions. Three different palindromic sequence families showed clear cases of insertions into ORFs. In addition, several palindromic sequences were identified within RNA coding genes. We also found that the palindromic property of the repeats has a tendency to be dimmed over time after their insertions in the genome.
RESULTS
We identified 656 interspersed repeated DNA sequences in the genome of R. conorii. On the basis of sequence similarity, the repeated sequences were classified into 10 distinct families (Table 1) . There is no significant sequence similarity between the various repeat families. Their copy numbers range from 5 to 223. Nucleotide sequence alignments of the repeated sequences are shown in Figure 1 . A coloring scheme is used to help visualize the predicted RNA secondary structures in the alignments. Of the 10 families, eight showed palindromic sequences with consensus sizes from 95 to 149 bases. Stable RNA secondary structures were predicted for most of the sequences in those eight families. The predicted secondary structures showed hairpin-like forms or variants with additional branched stems. However, the precise base-pairing pattern in the structures varied across, as well as within, the repeat families. The eight palindromic sequence families were named RPE-1 to RPE-8. The previously reported 44 RPEs (Ogata et al. 2000; Ogata et al. 2001b) were classified into the RPE-1 family, for which 11 additional copies have been identified in this study. The two remaining families are composed of shorter repeats (25 bases and 27 bases) showing no stable predicted secondary structure. They were designated as Rickettsia repeat-1 (RR-1) and repeat-2 (RR-2).
Exhaustive BLAST searches against sequence databases revealed that all of the 10 families except the RPE-6 are specific to Rickettsia species or limited to R. conorii (Table 1) . The RPE-6 repeat contains two directly oriented RS3 core motifs (ATTCCC-N 8 -GGGAAT) frequently found in Neisseria genomes (Haas and Meyer 1986) . All the repeat families are relatively GC-rich (∼40% of GC) compared with the average GC content of the entire genome (32%), with the exception of the AT-rich RPE-8 (22%). Size variation within family is large for six families (RPE-3 to RPE-8). More than 50% of the identified repeats are "partial" repeats for those RPEs. Size variation is relatively small for the other families (RPE-1 and RPE-2; RR-1 and RR-2), which are mostly composed of "full-length" copies (see Methods).
The analysis of the whole 656 repeat locations revealed a large number of insertions within ORFs for seven RPEs (RPE-1 to RPE-7) and a single occurrence for RR-1 (Table 1) . Those cases include full-length repeat insertions within "annotated" ORFs (ORFs with functions predicted by homology), as well as partial repeat insertions within ORFans (ORFs lacking similarity in other organisms). None of the insertions interrupts the reading frame of the host ORFs. Table 2 shows the 38 ORFs harboring the full-length repeats. Of the seven palindromic families found within ORFs, three families (RPE-1 to RPE-3) showed a number of full-length insertions into annotated ORFs. Most of those ORFs appear to be important for R. conorii, because they constitute parts of biological pathways or molecular complexes involving many other genes that are present in the R. conorii genome (Ogata et al. 2001b ). However, there is no apparent functional relationship between the predicted functions of those altered ORFs.
By use of BLAST, we examined the occurrence of the homologous repeats in the Rickettsia prowazekii genome (Table 1) . Interestingly, three copies of the RPE-3 were found within the ORFs of R. prowazekii: RP037 (putative Osialoglycoprotein endopeptidase) and two ORFs of unknown functions (RP012 and RP707). Each of the three ORFs has a clear ortholog in R. conorii, which lacks the repeat insert. We previously reported nine cases of the RPE-1 within R. prowazekii ORFs (Ogata et al. 2000) . In addition, a copy of an RS3-like element has been found in the N-terminal of the ␣ subunit of DNA polymerase III (DnaE) in Rickettsia felis (Andersson and Andersson 1999) . Thus, the insertions of palindromic sequences within ORFs seem to be a widespread phenomenon in different Rickettsia species.
Multiple alignments of the peptide sequences derived from the RPE-1 to RPE-3 are shown in Figure 2 . Each of the three RPEs shows distinct peptide sequences with unbiased amino acid compositions. The peptide sequences are well aligned within the family and correspond to the same reading frame. A remarkable feature of those RPEs is the capability of occupying any site, even in the middle, along the primary sequences of the ORFs (Table 2) . For instance, an RPE-1 sequence is located in the middle part of the R. conorii MesJ protein. The predicted protein secondary structure is a central ␣-helix for the RPE-1 and the RPE-3. In contrast, extended conformations (␤-strands) were predicted at both extremities of the peptide sequences derived from the RPE-2. Those three peptide families may thus show different 3-D folds.
We then examined the insertion sites of the RPE-derived peptides with 3-D structure data for the homologs of the host proteins. Seven protein structures for RPE-1 insertions (Ogata et al. 2000) , two for RPE-2 and two for RPE-3 (Table 2) , were available for this analysis. In all cases, the insertion site corresponded to the solvent-exposed area of the proteins: mainly loops (nine cases) and occasionally short helices (one case) or beta strands (one case). Furthermore, none of the predicted insertions appeared to hinder known catalytic sites or protein/cofactor binding sites. Four cases corresponding to the ORFs with RPE-2 and RPE-3 insertions are shown in Figure 3 .
We identified several RPEs within RNA genes. The tm-RNA coding genes (ssrA) of R. conorii and R. prowazekii harbor palindromic sequences of different families (an RPE-1 for R. conorii and an RPE-5 for R. prowazekii). tmRNA is an RNA molecule present in all known bacterial genomes. Its function is to rescue the ribosome stalled on an mRNA (Muto et al. 1998) . tmRNA is composed of a tRNA-like domain and an mRNA-like domain (Fig. 4a) . The structure of the tmRNA genes from ␣-proteobacteria (Keiler et al. 2000) , together with the locations of the RPE-1 and RPE-5, are shown in Figure 4 , b and c. The two insertions of the palindromic sequences within the tmRNA genes were both located right after the CCA-(3Ј) bases of the acceptor arm, where alanine is added by alanyl-tRNA synthetase. We examined the transcription status from the R. conorii tmRNA gene by reverse transcriptase-polymerase chain reaction (RT-PCR). The RT-PCR product showed the expected size with the repeat insert, demonstrating transcription of RPE-1 with the rest of the genes. Because there is no detectable sequence similarity between the RPE-1 and the RPE-5, those two insertions must have occurred independently in the dif- See text for the definition of the "full size" repeat and the "partial" repeats. c One of the repeats is within the tmRNA gene (ssrA) of R. conorii. 
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www.genome.org ferent lineages of Rickettsia. Another case found in R. conorii is an RPE-1 within a ribozyme gene, rnpB, which encodes M1 RNA of the ribonuclease P. The insertion site corresponded to the P12 helix of the RNA secondary structure model of M1 RNA (Fig. 4d) (Brown et al. 1996 ). The P12 helix shows a highly variable sequence, and the helix is unlikely to involve functionally important tertiary interactions in vivo (Pomeranz Krummel and Altman 1999).
The palindromic property (hairpin-like secondary structure) of the RPEs is probably required for repeat insertion as Figure 1 Nucleotide sequence alignments of the 10 repeat families identified in Rickettsia conorii. The coloring scheme is equivalent to the bracket representation of RNA secondary structure; the bases predicted to make base pairing are represented by the same color (instead of opening and closing brackets). The consensus sequences were derived from the aligned positions in which a single base is observed in at least 70% of the sequences (lower cases for 70%-90%; upper cases for Ն90% conservation). ClustalX alignment quality scores are shown at the bottom of the alignment. (Sharples and Lloyd 1990) and RSA (Bachellier et al. 1996) . Alternatively, the hairpin structures might have an important function for Rickettsia. In the former case, the hairpin-like structure might lose its utility after insertions and could disappear over time. In the latter case, nucleotide secondary structures should be conserved despite sequence changes (as in ribosomal RNAs). To investigate the significance of the palindromic property of the RPEs, we computed the minimum free energy for every sequence of the RPE-1 to RPE-8 and obtained the relevant Z-score (see Methods). If we take Z-score > 2 (P-value < .0423) as a threshold, the energy values for 10/45 sequences (22%) of the RPE-1 failed to be significant. Such energy values below the threshold were also observed for the RPE-2 (4/7; 57%), the RPE-5 (6/20; 23%), and the RPE-8 (3/15; 20%). This result indicates that the palindromic properties of some repeats are unlikely to be constrained after their insertions. In Figure 5 , the Z-score of the RPE-1 is plotted against the sequence divergence D, the average sequence difference against the other sequences of the RPE-1. The pair of most similar sequences, which might correspond to most recent inserts, showed very high Z-scores (Z = 8.30 and 8.24). The two sequences were identified in the truB gene and in RC0071. The 144 bases sequences are 94.4% identical with each other. There is also a global tendency for the better conserved sequences to show higher stabilities of the RNA secondary structures (the correlation coefficient is R = ‫;47.0מ‬ P < .005). This decay of palindromic property indicates the absence of structural constraints on the repeats after their insertions. The lack of significant differences in the structural stability between the coding and the noncoding repeats also argues against a specific role of the palindromic structures at the transcription and translation levels.
DISCUSSION
In this study, we identified 10 families of repeated sequences in the genome of R. conorii and examined their locations in regard to coding versus intergenic regions. Three palindromic sequence families (RPE-1, RPE-2, and RPE-3) showed clear cases of insertions within predicted coding regions, and eight families in total (RPE-1 to RPE-7 plus RR-1) showed insertions within coding regions including ORFans. Therefore, the surprising mechanism of repeat insertion within protein coding regions initially described for RPE-1 (Ogata et al. 2000) applies to many other repeat families in Rickettsia.
The analysis of the locations and the sequences of the repeat-derived peptides (RPE-1, RPE-2, and RPE-3) reinforced our previous observations (Ogata et al. 2000) . First, they are inserted into ORFs with only one reading frame of six possibilities, as indicated by the aligned sequences of the repeat-derived peptides (Fig. 2) . Second, there are no clear functional links between the ORFs harboring the repeats. Third, the insertion sites of the repeats vary along the primary sequence of the ORFs but always appear compatible with the preexisting protein folds.
This study revealed two additional aspects. First, the predicted protein secondary structures for the three RPEs (RPE-1 to RPE-3) correspond to two different conformations. ␣-Helices were predicted for the RPE-1 and RPE-3, whereas ␤-strands were predicted for the RPE-2. Thus, the two regular conformations in protein structure (␣-helix and ␤-strand) could occur from repeat insertions. However, the possibility is not ruled out that those peptides are "neutral" and might adapt variable conformations in response to the surrounding structural environment at the insertions sites. Circular dichroism spectroscopy failed to show any property of the regular conformation for synthetic peptides (∼50 amino acids) corresponding to the RPE-1 (C. Abergel, unpublished data). Four repeat-containing proteins have been expressed in Escherichia coli (V. Monchois et al., in prep.) , and experiments are in progress to determine the structural properties of the repeatderived peptides within these proteins.
Second, we showed that some copies of the RPEs do not exhibit a significant palindromic structure. Because the pair of most similar RPE-1 sequences correspond to highly stable hairpins, it is plausible that this secondary structure is a feature of the original copies that are mobile within the genome. The structural property might then be lost after the insertion regardless of the site of the genome (coding or noncoding), as the initial repeat continued to diverge in both sequence and structure. However, the possibility is not ruled out that some of the repeats have been recruited for host cellular functions (Gilson et al. 1984; Gilson et al. 1986a; Gilson et al. 1986b; Sharples and Lloyd 1990) or recombination (Bi and Liu 1996; Oggioni and Claverys 1999; Shyamala et al. 1990; van der Ende et al. 1999) , as already suggested for other bacterial repeats.
Figure 2
Multiple sequence alignments for the amino acid sequences translated from the palindromic sequences (RPE-1, RPE-2, and RPE-3). Amino acid residues are colored as follows: blue for F, W, and Y; yellow for C; orange for A, G, P, S, and T; green for I, L, M, and V; red for D, E, H, K, and R; purple for N and Q. The letters 'H' and 'E' in the first line of each alignment represent the predicted ␣-helices and ␤-strands, respectively. ClustalX alignment quality scores are shown at the bottom of the alignment.
Proteins contain structurally flexible regions, usually corresponding to surface loops. Such loops are known to be tolerant of insertions of individual amino acids or peptides. For instance, insertions of peptides between 7 and 17 residues into a loop of the chymotrypsin inhibitor-2 (64 amino acids) have little effect on the stability and the folding rate (Ladurner and Fersht 1997) . This physical flexibility parallels the evolutionary flexibility of protein sequences. Available sequence and structure data indicate a high preference of insertions and deletions within loops (Pascarella and Argos 1992) . However, most (99%) of the accepted insertions and deletions are shorter than 10 amino acid residues. In contrast, the palindromic repeats described in this study could contribute to insertions up to ∼50 residues. Repeat insertion can freely occur within the 20% of R. conorii genome corresponding to the noncoding regions. If one accepts that surface loops account for a quarter of every protein sequence (Wootton 1994) , another 20% of the genome (from the coding moiety) is available for additional repeat insertions. RPEs appear to invade both of the two genomic regions.
The mechanism by which the bacterial palindromic sequences of the size of RPEs spread within genomes is not known (Bachellier et al. 1999) . However, the coincidence of the two insertion sites of the palindromic sequences in the tmRNA genes (ssrA) of Rickettsia is intriguing. The upstream sequences of those insertion sites are highly similar to bacteriophage attachment site (att) (Kirby et al. 1994) . The homologous sites of the other tmRNA genes and tRNA genes have been known to harbor bacteriophages, retron phages, and pathogenicity islands in other bacteria (Billington et al. 1999; Haring et al. 1995; Inouye et al. 1991; Julio et al. 2000; Karaolis et al. 1998; Kirby et al. 1994; Pierson and Kahn 1987) . Such retron phages and pathogenicity islands are supposed to be integrated by use of the integrases of phages. Some of the RPEs might have used a similar mechanism.
We have proposed that RPEs are selfish DNA elements that can break the barrier of genetic material between coding and noncoding sequences (Ogata et al. 2000) . Recursive insertions of such selfish DNAs might provide the initial genetic material for rather "neutral" protein segments, which could then later evolve to create new functions (Dwyer 2001; Ogata et al. 2001a) . The genomes of Rickettsia show by far the highest number of occurrence of such insertions, even if a few instances have been reported in other bacteria. For instance, a partial copy of RSA was found in the C-terminal of a hypothetical ORF of 99 amino acids in Salmonella typhimurium (Bachellier et al. 1996) . Recently another case has been reported in Sinorhizobium meliloti. The DNA helicase II (UvrD) of this legume symbiont has a 47 amino acid residues insert encoded by a palindromic DNA sequence (motif C) (Capela et al. 2001 ). The ongoing accumulation of more bacterial genome sequences should lead to better appreciation of the importance of the phenomenon of repeat insertions in the origin and evolution of proteins.
METHODS
The genomic sequence and annotation data for R. conorii are available at RicBase (http://igs-server.cnrs-mrs.fr/RicBase) and NCBI GenBank (http://www.ncbi.nlm.nih.gov/; accession no. AE006914). Other complete genomes including those used in Table 2 were obtained from KEGG (Kanehisa and Goto 2000) . Database searches were performed with the NCBI BLAST package (Altschul et al. 1997 ) against the complete genomes as well as the NCBI nonredundant sequence database. Seven cases corresponding to the predicted insertions sites for the RPE-1 have been previously reported (Ogata et al. 2000) . The images are generated with MolScript (http://www.avatar.se/ molscript/).
Repeated DNA sequences of R. conorii were initially identified on the basis of the self-comparison of the genomic DNA by BLASTN (E-value < 10 ‫4מ‬ ). The BLAST result was then analyzed to delineate the left and right edges of the repeated sequences with the repeat identification program Mocca (Notredame 2001) . Some trivial repeats such as tRNAs or paralogous ORFs were removed from the dataset a posteriori. A complete list of the repeats described in this paper is available at RicBase.
The "full-length" repeats were defined as the sequences with lengths within 70% to 100% of the longest repeat of the family. The remaining shorter sequences were defined as "partial" repeats. The nucleotide sequence alignments and the consensus sequences in Figure 1 were constructed from the full-length repeats with T-Coffee (Notredame et al. 1998) and ClustalX (Thompson et al. 1997) . Sequence divergence D used in Figure 5 was defined as the average sequence difference against the other sequences of the family. The definition of D does not take into account nucleotide secondary structures. In the computation of D, the positions with gaps in the pairwise alignments were omitted.
The minimum free energy and the corresponding RNA secondary structures were computed with the Vienna package at http://www.tbi.univie.ac.at/∼ivo/RNA/ (Hofacker et al. 1994 ). The minimum free energy value was then converted to Z-score. To compute Z-score, every sequence was randomly shuffled 30 times, from which the mean and the standard deviation values were computed. We used an approximation by the extreme value distribution (Gumbel 1958 ) to obtain the relevant P value. Protein secondary structures were predicted with PHDsec at http://dodo.cpmc.columbia.edu/ predictprotein/ (Rost and Sander 1994) .
The following protein structure data were obtained from the Protein Data Bank (http://www.rcsb.org/pdb/): Bovine mitochondrial ATP synthase F 1 domain (1H8E); Streptococcus pneumoniae rRNA methyltransferase (1YUB); E. coli UDP-Nacetylmuramoylalanine-D-glutamate ligase (1E0D); and Pig prolyl oligopeptidase (1QFM). The rRNA methyltransferase was used as a reference for R. conorii dimethyladenosine transferase (KsgA); they belong to the rRNA adenine N-6-methyltransferase family. The prolyl oligopeptidase was used as a reference structure for R. conorii protease II (PtrB); they both belong to the prolyl oligopeptidase family.
The presence of the RPE-1 in the transcript from the tm-RNA gene of R. conorii was assessed by RT-PCR by use of a primer pair, P1 (5Ј-TAA TTT AGA ATA GAG GTT GCG GAC T-3Ј) and P2 (5Ј-CGT TTG CGT TTC TTT GTT TT-3Ј), designed to be specific to the target gene. The expected size of the RT-PCR product was 311 bp including the RPE-1 (146 bp). For RNA extraction, a suspension of fresh R. conorii strain Malish (seven) was adjusted to 10 8 /mL, and bacteria were separated from cells with a sucrose gradient. RNA extraction from bacteria was then performed with the RN easy Midi kit (Qiagen, Hilden, Germany) as recommended by the manufacturer. RT-PCR was performed on the resulting RNA with the One-step RT-PCR kit (Qiagen) following the manufacturer's instructions. Reverse transcription and amplification were performed in PTC-200 thermocyclers (MJ Research, Watertown, USA) with 40 PCR cycles and an annealing temperature of 50°C. RT-PCR products were run in 1% agarose gels, stained with ethidium bromide, and revealed on a UV box. Following the RT-PCR assay, we performed a PCR assay with the same primers on the RNA extract with the Elongase polymerase 
Figure 5
The minimum free energy of the predicted RNA secondary structures of the RPE-1 plotted against sequence divergence. The energy values are scaled into Z-score. Circles correspond to the repeats in coding regions. Triangles correspond to the repeats in noncoding regions. The arrows point to the two most similar sequences.
(Life Technologies, Cergy Pontoise, France). The PCR assay was negative, thus verifying the absence of contaminating DNA in the RNA. The RT-PCR product was sequenced with the same primers with the d-Rhodamine terminator cyclesequencing ready reaction kit (PE Applied Biosystems, Les Ulis, France) and an ABI-PRISM 3100 automated DNA sequencer (PE Applied Biosystems), as recommended by the manufacturer. An RT-PCR product of 311 bp was obtained from the R. conorii RNA. The sequence of the RT-PCR product was 100% identical to the genomic sequence of the R. conorii tmRNA gene containing the RPE-1.
